Chaperonins GroEL and GroES form, in the presence of ATP, two types of heterooligomers in solution: an asymmetric GroEL14GroES7 "bullet"-shaped particle and a symmetric GroEL14(GroES7)2 "football"-shaped particle. Under limiting concentrations of ATP or GroES, excess ADP, or in the presence of 5'-adenylyl imidodiphosphate, a correlation is seen between protein folding and the amount of symmetric GroEL14(GroES7)2 particles in a chaperonin solution, as detected by electron microscopy or by chemical crosslinking. Kinetic analysis suggests that protein folding is more efficient when carried out by a chaperonin solution populated with a majority of symmetric GroEL14(GroES7)2 particles than by a majority of asymmetric GroEL14GroES7 particles. The symmetric heterooligomer behaves as a highly efficient intermediate of the chaperonin protein folding cycle in vitro.
GroEL14(GroES7)2 particles in a chaperonin solution, as detected by electron microscopy or by chemical crosslinking. Kinetic analysis suggests that protein folding is more efficient when carried out by a chaperonin solution populated with a majority of symmetric GroEL14(GroES7)2 particles than by a majority of asymmetric GroEL14GroES7 particles. The symmetric heterooligomer behaves as a highly efficient intermediate of the chaperonin protein folding cycle in vitro.
Chaperonins GroEL and GroES from Escherichia coli belong to a ubiquitous class of sequence-related chaperone molecules in bacteria, in organelles and in the cytoplasm of eukaryotes (for a review, see ref. 1). In the cell, chaperonins are implicated in the folding of proteins (2-4) and in the molecular response to cellular stress (5, 6) . In vitro, chaperonins assist the correct refolding of proteins by preventing protein aggregation (7, 8) . While the GroEL14 core oligomer can spontaneously bind nonnative proteins (7), the hydrolysis of ATP in the presence of the cochaperonin GroES7 is required for dissociation of a bound protein from the chaperonin complex (7, 9, 10) . Central to understanding the mechanism by which chaperonins assist the folding of a large array of proteins is the relationship between the molecular structure and the specific functions of the various GroEL-GroES heterooligomers during protein folding. One model depicts the binding of a nonnative protein on the external envelope of a symmetric GroEL14(GroES7)2 heterooligomer, from which it dissociates upon an ATP hydrolysis-dependent change in the affinity of the chaperonin surface for the folding protein (11). In contrast, another model depicts the binding of a nonnative protein within the central cavity of an asymmetric GroEL14GroES7 heterooligomer, from which it dissociates upon ATP hydrolysis, through the unobstructed end of the chaperoni.n (1, 9, (12) (13) (14) .
Chemical crosslinking (15) 
MATERIALS AND METHODS
Proteins. GroES7 oligomers were purified to homogeneity as described (21) ATP-dependent distribution of chaperonin heterooligomers and protein folding activity. GroEL14 (3.5 ,uM monomer) and GroES7 (9.6 ,uM monomer) were preincubated at 25°C for 2 min in the presence of 0, 5, 10, 20, 40, 60, 80, 120, and 250 ,uM ATP and an ATP regeneration system and then exposed to GA at 37°C as described. Distribution on SDS gels of crosslinked species from native oligomers GroEL14, GroEL14GroES7, and GroEL14(GroES7)2 after 7 min of crosslinking with GA. Due to the slower crosslinking reaction between GroEL7 toroids (22), the transient species GroEL7 and GroEL7GroES7 are found in larger amounts (+ +) than the fully crosslinked final products of the reaction (+) (Fig. 1A) .
core oligomer. The existence of negative cooperativity between the two opposite sides of the chaperonin core oligomer with regard to the binding of GroES7 thus prevents the coexistence of all three types of chaperonin oligomersGroEL14, GroEL14GroES7, and GroEL14(GroES7)2-in the same solution. Therefore, three situations can be discriminated.
(i) The molar fraction of GroEL7 > GroEL7GroES7. In this case, the solution cannot contain GroEL14(GroES7)2 particles but only GroEL14 and GroEL14GroES7 particles. In such a situation, 2(GroEL7GroES7)
(ii) The molar fraction of GroEL7 = GroEL7GroES7. In this case, the solution contains only asymmetric GroEL14GroES7 particles (see ref. 15 ).
(iii) The molar fraction of GroEL7 < GroEL7GroES7. In this case, the solution cannot contain GroEL14 particles but only GroEL14GroES7 and GroEL14(GroES7)2 particles. In such a situation, is the concentration of the inhibitor that causes a 50% inhibition, [S] is the concentration of ATP, and Kd is the dissociation constant of ATP. Rubisco activity was assayed at 25°C for 10 min as described (7). The activity of mMDH was assayed at 25°C in 150 mM potassium phosphate buffer (pH 7.5), 10 mM DTT, 0.5 mM oxaloacetate, and 0.28 mM NADH (Sigma). The time-dependent oxidation of NADH by mMDH was monitored at 340 nm.
RESULTS
Quantitation of Chaperonin Species. Crosslinking with GA followed by analysis on SDS/polyacrylamide gels was used as described (15) to assess the fraction of asymmetric GroEL14GroES7 and symmetric GroEL14(GroES7)2 heterooligomers in chaperonin solutions under conditions that also support the refolding of nonnative enzymes such as Rubisco or mMDH. When the fraction of chaperonin heterooligomers was measured in the presence of an ATP regeneration system and increasing amounts of ATP, as little as 20 p,M ATP was sufficient to saturate the chaperonin solution with >90% asymmetric GroEL14GroES7 particles ( Fig. 1 A and B) . Above 20 ,uM ATP, symmetric GroEL14(GroES7)2 particles appeared at the expense of asymmetric GroEL14GroES7 particles. In the presence of 62 AM ATP, the chaperonin solution was equally populated with asymmetric and symmetric particles. In the presence of 150 ,tM ATP, the solution contained >90% GroEL14(GroES7)2 particles. Remarkably, the ATP-dependent distribution of chaperonin heterooligomers was nearly identical when inferred from SDS gels of crosslinked chaperonins or from the counting of negatively stained particles on electron micrographs (Fig. 1C) . Moreover, the ATPdependent distribution of chaperonin heterooligomers by EM was similar whether the chaperonin solutions were pretreated or not with GA prior to EM (Fig. 1C) . This confirms that SDS gel analysis of crosslinked chaperonins is as valid a procedure as EM to assess the oligomeric states of chaperonins in solution, since crosslinking with GA does not appear to interfere with the equilibrium between the various heterooligomers.
GroEL14(GroES7)2 Particles Correlate with Protein Folding Activity. The chaperonin-assisted refolding activity of urea-denatured Rubisco (Fig. 1) or mMDH (data not shown) displayed a similar dependence on ATP concentration as the amount of symmetric GroEL14(GroES7)2 particles in the solution, with half of the maximal rate of protein refolding activity achieved in the presence of =50 ,tM ATP and a maximal activity achieved in the presence of 150 ,tM ATP (Fig. 1B) . Thus, limiting concentrations of ATP place a constraint on the formation of GroEL14(GroES7)2 particles and thus on release of the folding protein.
The correlation between GroEL14(GroES7)2 particles and protein folding activity was further exemplified in the presence of a saturating concentration of ATP and increasing concentration of GroES (Fig. 2) . When the molar ratio of GroES to GroEL was <0.5, only GroEL14 (data not shown) and asymmetric particles were detected in the chaperonin solution.
Above a molar ratio of 0.5, GroEL14(GroES7)2 particles appeared at the expense of the GroEL14GroES7 particles and were found in equal amounts at a molar ratio of 1.0 (Fig. 2) .
The chaperonin solution contained mostly GroEL14(GroES7)2 particles when the GroES/GroEL ratio exceeded 1.5. Noticeably, chaperonin-assisted refolding activity of urea-denatured mMDH displayed a similar dependency on GroES concentration with half the maximal rate of protein refolding activity achieved at a GroES/GroEL ratio of 1.0 and a maximal activity achieved when the molar ratio exceeded 1.6 (Fig. 2) .
GroEL14(GroES7)2 Is a Highly Efficient Species. The efficiency of the folding reaction, in terms of ATP molecules hydrolyzed per refolded mMDH molecule, dramatically increased with the GroES concentration. Thus, 65 times more ATP was required for the successful folding of mMDH when the chaperonin solution was populated by 40% asymmetric GroEL14GroES7 and 60% GroEL14 particles than when it contained 40% GroEL14GroES7 and 60% symmetric GroEL14(GroES7)2 particles (Fig. 2) . This result suggests that the two activities of ATP hydrolysis and protein folding are poorly coupled in a chaperonin solution containing a majority of asymmetric GroEL14GroES7 particles and better coupled in a chaperonin solution containing a majority of symmetrical GroEL14(GroES7)2 particles.
The Uncoupling Effect ofADP. It has been previously shown that an excess of ADP over ATP inhibits the ATPase of chaperonins and does not induce the rapid and fruitful release of bound Rubisco from the chaperonin (20). The relationship between the symmetric GroEL14(GroES7)2 particle and protein refolding activity was further confirmed in the presence of excess ATP and increasing amounts of ADP (Fig. 3A) . As ADP concentrations increased, the Rubisco refolding activity decreased, despite the presence of a 10-fold excess of ATP (1.5 mM) and a 2-fold excess of GroES (Fig. 3A) was in 3-fold excess over ATP, the chaperoni found to be populated with nearly 950/ GroEL14GroES7 particles, which did not drive t Rubisco (or mMDH; data not shown) but were able to hydrolyze ATP at 20% of the rate However, when the excess ADP was converte subsequent addition of an ATP regeneration Rubisco refolding activity was recovered and a majority of GroEL14(GroES7)2 particles was detected in the solution (data not shown). Thus, despite the presence of a saturating amount of ATP, excess ADP can destabilize the symmetric GroEL14(GroES7)2 particle and cause its dissociation into an asymmetric GroEL14GroES7 particle, which, although able to hydrolyze ATP, does not release bound proteins.
The Coupling Effect of AMP-PNP. In contrast to the negative effect of ADP on the stability of the GroEL14(GroES7)2 particle and, correspondingly, on the efficiency of the folding reaction, an excess of AMP-PNP over ATP promoted the stability of the GroEL14(GroES7)2 particle and, correspondingly, the protein folding efficiency (Fig. 3B ). When measured under the conditions described in Fig. 3A , the inhibition constants of the GroEL ATPase in the presence of GroES were 12 ,uM for AMP-PNP and 50 ,uM for ADP (30) and the dissociation constant of ATP was 23 ,uM. Thus, as expected from using a competitive inhibitor with a binding constant similar to that of ATP, the chaperonin ATPase activity was inhibited by AMP-PNP somewhat more efficiently than by ADP. However, Rubisco refolding activity was much less inhibited than expected from the degree of inhibition of the ATPase. Moreover, the efficiency of the reaction was four times higher in the presence of an equimolar amount of AMP-PNP (1.5 mM) and ATP than in the presence of ATP alone (Fig. 3C ). In comparison, the efficiency of Rubisco refolding was 6.5-fold lower in the presence of an equimolar amount of ADP and ATP than in the presence of ATP alone (Fig. 3C) folding cycle in vitro. Quantitation of Oligomeric Species in Solution. In the presence of an ATP regeneration system, the distribution of ndent activity in crosslinked chaperonin species is identical whether inferred 'L14 and GroES7 from SDS gels or from electron micrographs. Thus, the use of 'ith 1.5 mM ATP SDS gels of crosslinked chaperonin species is as faithful a n the absence (A) means to assess the fraction of GroEL14, GroEL14GroES7, and the ATP. The GroEL14(GroES7)2 particles in a chaperonin solution as EM.
iL14GroES7 (0) Furthermore, in the presence of an ATP regeneration system, d as in Fig. 1B .
the ATP-dependent distribution of chaperonin species is AMP-PNP was similar whether or not the sample was subjected to crosslinking presence of ATP with GA prior to EM (Fig. 1C) . Thus, crosslinking does not e presence of 1.5 introduce a significant change in the ATP-dependent distri-AP-PNP (*) was bution of the various chaperonin heterooligomers in solution. )lecules per 100 GroEL14(GroES7) (Fig. 3A) . Therefore GroEL14GroES7 and GroEL14(GroES7)2 particles, we find here ( Fig. 1 ) that only 50-75 ,IM ATP is necessary for this effect. This difference is due to the use of an ATP regeneration system, which minimizes the effect of ADP on the destabilization of GroEL14(GroES7)2 particles.
The GroES-dependent correlation between the refolding of mMDH and the amount of symmetric heterooligomers detected provides additional evidence that GroEL14(GroES7)2 can be an intermediate of the GroE protein folding cycle. In contrast to mMDH, Rubisco refolding activity was reported to be already saturated at a GroES/GroEL ratio of 0.5 (15). We attribute this difference to the observation that the correct chaperonin-mediated refolding of a mMDH molecule requires between 20 and 100 times more ATP hydrolyzed than a Rubisco molecule (Figs. 2 and 3C) . Therefore, the refolding of mMDH is expected to be at least 20 times more sensitive than the refolding of Rubisco to substoichiometric amounts of GroES7 and thus to suboptimal amounts of GroEL14(GroES7)2 particles in the reaction.
We have shown that in terms of ATP hydrolysis the protein folding reaction is most efficient when the symmetric GroEL14(GroES7)2 heterooligomer is the major species in the chaperonin solution and is dramatically less efficient when the asymmetric GroEL14GroES7 heterooligomer is the major species. This suggests that, as in the case of the chaperonin ATPase cycle (20, 21), models of the chaperonin folding cycle (12) should include the symmetric GroEL14(GroES7)2 particle as an intermediate. Moreover, GroEL14(GroES7)2 particles have been shown by gel-filtration analysis to have a significantly lower affinity for nonnative protein than GroEL14 (31), as would be expected from an intermediate involved in the particular step of protein release in the chaperonin cycle.
While evidence from x-ray crystallography of GroEL14 suggested that the size of the central cavity can harbor a protein only half the size of a compact Rubisco monomer (32, 33) , EM has shown that GroES7 binding significantly increases the size of the cavity (26). In addition, mutant and EM analyses suggested that the protein substrate can bind the inner surface of the central cavity (26, 34) near the unoccupied end of a GroEL14GroES7 particle (26). In contrast, crosslinking experiments have suggested that GroES7 and the protein substrate can bind to the same side of GroEL14 (35). Thus, the existence of a transient or stable GroEL14(GroES7)2 species in the central cavity of which a protein is bound and capped by GroES7 is structurally possible. Our study does not address the dynamics of GroES7 binding during the folding reaction.
